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ABSTRACT

The absolute efficiency of two NE-213 organic scintillators for
detecting 2.6~ and 14.4-MeV neutrons has been determined by the associated
particle technique with the recoil particles from the D(d,n PHe and
T(d,n)*He reactions. The scintillators are 12 cm in diameter and have
thicknesses of 2.61 and 6.10 em. This report describes the efficiency
measurements, the detector arrangement, and the function of the associated
electronic circuitry, including the pulse-crossover-time pulse-shape dis-
crimination system and the fast circuits used to time helium recoils in a
thin silicon detector. The output of the neutron detector was placed in
coincidence with the helium recoil pulses, and the efficiency of the
detector was obtained as the ratio of the coincidence counts to the helium
recoil counts. Measurements were made as a function of the bias level of
a tunnel diode driven by the current pulse from dynode 14 of a 58AVP multi-
plier phototube and also as a function of a bias threshold on the total
light output. The bias level was calibrated in terms of pulse-height
spectra resulting from interactions in the phosphors of gamma rays of
various energles. The results given are for a detector system which in-

cluded a 5-mm NE-102 slab in front of the NE-2135 scintillator and a 3.35-cm

fast-light thresholds and for total light thresholds above about 160-keV
electron-equivalent. Comparisons are made between experimental results and
results obtained by Monte Carlo analysis. For a threshold of 400 + 5 keV
electron total light equivalent, typical measured detection efficienciles
for the smaller detector are 0.122 + 0.001 and 0.092 £+ 0.001 for 2.66~ and
14 .4-MeV neutrons, respectively. Corresponding calculated values are

0.114 + 0.001 and 0.095 + 0.001. TFor the larger detector the measured
efficiencies are 0.245 + 0.001 and 0.203 + 0.001 for 2.66- and 14.4-MeV
neutrons, respectively, and the calculated values are 0.247 + 0.003 and
0.200 £ 0.002.



I. INTRODUCTION

*
The use of NE-213% liquid scintillators as the sensitive element in
neutron detectors, including spectrometers, has become fairly widespread

in recent years.'”®

Some of the advantages of these organic phosphors are
that they are available in a wide variety of sizes and shapes, they have a
high sensitivity to neutrons, and they have a variation in decay time which
through pulse-shape discrimination permits pulses due to electrons to be
separated from those due to protons and alpha particles. The absolute
efficiencies of two such scintillators for detecting 2.6- and 14.4-MeV
neutrons, at various threshold settings, have been determined in a series
of experiments in which the associated particle technique”’® was used on
the recoil particles from the D(d,n PHe and T(d,n )He reactions. The
scintillators are 12 cm in diameter and have thicknesses of 2.61 and

6.10 cm. In some cases the measured efficiencies are compared with values

computed by the Monte Carlo method.

ITI. THEQRY OF THE ASSOCIATED-PARTICLE TECHNIQUE

In the center-of-mass system for the D(d,n)3He and T(d,n fHe reactions,
each neutron has associated with it a helium ion emitted at an angle of
180° with respect to the emitted neutron. Determination of the energy of
the helium particle and its direction with respect to the incident deu-
teron determines, from the kinematics of the reaction, the energy and angle

of emission of the corresponding neutron. If the helium particles are

*NE-213 is a liquid scintillator manufactured by Nuclear Enterprises,
Itd., Winnepeg, Canada. Its hydrogen and carbon densities are 5.51 and
L.55 x 10°° atoms/g, respectively; sp gr = 0.8752 at 23°C; pulse height =
78% anthracene; decay constant = 2 x 10°° sec; wavelength of maximum
emission = 4300 A.




detected within a well-defined solid angle and counted, the number, angle,
and time relations of the conjugate neutrons are known. If a hydrogenous
scintillator is so placed that all the neutrons conjugate to the counted
alpha particles pass through a uniform thickness of the scintillator, and
if pulses arising from interactions of these neutrons in the scintillator
are counted above a given threshold in coincidence with the associated
alpha particles, the efficiency of the neutron detector above the given

pulse-height threshold may be obtained from the ratio

a coincidence counts
" charged particle counts

provided proper precautions are taken.

One of the precautions consists in identifying the reaction products
of competing reactions and rejecting those not associated with the reaction
which produces the neutrons under measurement. At the incident energies
used for this experiment, the only competing reaction that is important is
the D(d,p PH reaction, but it must be considered both during the measure-
ments employing the D(d,n PHe reaction and during the experiments using
the T(d,n)*He reaction, the latter because the tritium target gradually
becomes contaminated with deuterium from the incident beam. The D(d,n PHe
and D(d,p PH reactions are about equally probable, and the resulting ®He
and ®°H particles have very nearly the same energy. The *He particle from
the T(d,n fHe reaction also has approximately the same energy as the proton
from the D + D reaction.

The several factors influencing the monochromaticity of the neutrons

must also be considered: the +5.2° angular spread through which the




charged particles are accepted, the +5-keV spread in deuteron beam energy
the degradation of the incident deuteron beam in energy as it traverses
the "thick" targets used, and the wide angle scattering of the incident
deuterons. For the experiments described in this report the neutron
energy spread due to the wide-angle scattering of the incident deuteron
dominates, as may be seen from Table 1; however, of the wide-angle-scat-
tered deuterons, only about 2% are scattered at an angle of 500 or greater,
and 20% are scattered at an angle of >10°.

The effect on the average energy of the neutrons due to acceleration

of I; or HD' instead of D' is believed to be small.

ITT. DESCRIPTION OF THE APPARATUS

A block diagram of the components used in this experiment is shown in
Fig. 1. The deuteron beam was obtained from a particle accelerator driven
by a Sames electrostatic generator. Mounted at the end of the beam tube
was a target and charged-particle-detector assembly which served to orient
the target in the incident beam and position the detector with respect to
the target.
Targets

Both the deuterium and the tritium targets were obtained from the ORNL
Isotopes Division. The tritium targets were made by saturating SOO-pg/cnﬁ-
thick titanium layers with tritium. The layers had been evaporated on
20-mil silver backing plates. The tritium activity varied from 1 to 1.5

curies on a 3-in.-diam active region.
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Detectors

The two 12-cm-diam NE-213 neutron detectors, one being 2.61 cm thick
(designated as Bl) and the other 6.1 cm thick (designated as B2), were
each mounted on a 58AVP* photomultiplier tube operated with a negative
high voltage of approximately 2200 V. Each NE-213% detector had mounted on
its face (optically isolated) a thin NE-102" plastic detector (designated
as C) to allow differentiation between incident charged particles and
neutrons. These thin detectors were coupled to 56AVP photomultiplier tubes.
Incident charged particles with sufficient enefgy to be detected by de-
tector B would at the same time have given a pulse in C. Suitable anti-
coincidence circuitry allowed charged particles to be separated.

The neutron detector was positioned on an arm which rotated about the
target. The angle and distance of this detector were varied with respect
to the target in order to ensure that every neutron associated with a
detected charged particle was intercepted. For most of the experiments
these neutrons covered about 25% of the total area of the neutron detector.

The charged-particle detectorlr was a 200-y~thick silicon surface-
barrier detector having a 50-mif sensitive area. It was constructed from

3200-chm-cm, n-type silicon and was operated at a bias voltage of 100 V,

*

The 56AVP is a fast lh-stage high-gain photomultiplier tube provided
with a cesium-antimony semitransparent curved cathode having a.diameter of
42 mm. The tube is distributed by the Amperex Electronic Corporation.

*%

NE-102, also manufactured by Nuclear Enterprises, is a plastic
scintillator with hydrogen and carbon densities of 5.4 and 4.8 x 10°2
atoms/g, respectively, and sp gr of 1.035 at 23°C.

TPurchased from Oak Ridge Technical Enterprises Corporation, Oak
Ridge, Tennessee, and mounted by R. E. Zedler of the Instrumentation and
Controls Division of ORNL.




resulting in full depletion. [The 3.5-MeV proton from the D(d,p PH reac-
tion has a range of 100 p in silicon.] The resolution of the detector was
~350 keV for ~5-MeV alpha particles from a thin source but the energy spread
of the particles observed during the experiment was much larger as is shown
in Table 2. The detection efficiency was very nearly lOO%. This detector
was located at an angle of 120O with respect to the deuteron beam and sub-
tended a solid angle of 0.016 steradian. Figure 2 illustrates the spectrum
of charged particles in the detector resulting from deuterons striking a
target containing both deuterium and tritium; ®*He and ®H particles were
eliminated by an absorber.
Collimation

Final collimation of the incident deuteron beam was accomplished by
use of a 10-mil-thick tantalum plate with a 1.5-mm-diam hole, located 10 cm
from the target. The target was inclined to the beam at a grazing angle
of 500, as shown in Fig. 1, so that the beam shadow on the target plane
was a 1.5 x 3.0 mm ellipse. This spot size was verified by observing a
quartz viewer in the target plane. Collimation of the secondary charged
particles was accomplished by the sensitive surface of the detector.

Differentiation of Product Charged Particles

In order to separate the charged particles in energy and to prevent
detection of deuterons scattered from the target, aluminum or aluminized
mylar foils were placed between the target and the detector. In the
D(d,n PHe and D(d,p PH reactions, the energies of the ®He, p, and °H
ifferentially reduced. The approximate average energy of
the particle at the charged-particle detector is given in Table 2. The

thicknesses of the absorbers were nominally 1.43 mg/crf aluminum-equivalent
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for the measurements using the T(d,n)He reaction and 250 pg/cn® for those

using the D(d,n PHe reactions.
During the experiments using the D(d,n PHe reaction, a window was

set across the peak in the pulse-height distribution caused by the 2He

particles. Similarly a window was set across the peak in the pulse-height

distribution of the *He particles from the T(d,n)*He reaction. In both

cases the apparent efficiency was measured as a function of window posi-

tion and width. ©Subsequently, the window position and width were adjusted

to fall within the regions which gave constant efficiency within the

statistical error. This procedure ensured that only the proper associated

particle was counted. Figures 2 and 3 show the charged-particle spectra

from the solid-state detector for the D(T,n *He and the D(d,n PHe reactions,

respectively, with and without a discriminator window. The spectrum with

the window was taken in coincidence with the pulses from the NE-213% detector.

The very large number of protons illustrated in Fig. 2 were observed from

a target having only a small amount of tritium and a large amount of

deuterium. This target was chosen in order to make apparent the protons

from the D(d,p PH reaction.

*A thinner "dE/dx" solid-state detector may be used to ease discrimi-
nation between %He particles and the background protons, since in this
case the protons give relatively small pulses. The dimension of such a
detector is dictated by the maximum range of the alpha particle. A 4O-y-
thick detector was used successfully in this manner, with the advantage
that only a single discriminator was required to isolate the desired alpha
particles. With such a thin counter the T(d,n) reaction may be studied
using an ~500—pg/cnﬁ—thick absorber to stop the scattered deuterons.
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IV. ELECTRONICS

Associated Particle System

A charged particle incident upon the solid-state detector produced a
pulse which was amplified by a fast amplifier as shown in Fig. 1. The
pulse from this amplifier had a rise time of ~4 nsec and a length of about

the same duration.?

The output signal from the amplifier was fed in
parallel to two tunnel diode univibrator discriminators which were set to
establish a window across the peak in the pulse-height spectrum. The out-
put signal frouw this window was fed into a coincidence circuit.

The solid-state detector also fed an integrated pulse through a slow
preamplifier and amplifier to a multichannel analyzer for observation of
the charged-particle pulse-height spectrum. The output of the slow am-
plifier was also fed into a single-channel analyzer to determine a range of
acceptable pulse-heights. During part of these experiments this circuit
was used to establish a window instead of the two fast discriminators men-
tioned above. This arrangement bypassed the fast coincidence circuit, the
effect of which was to lengthen the coincidence resolving time.

Neutron Detector System

Pulses (~4-nsec rise time and 10-nsec full-width at half maximum)
arising from detection of radiation in the neutron detector were similarly
fed into a fast tunnel diode discriminator, the output of which went into
a coincidence circuit. The threshold of this discriminator always deter-
mined the neutron counting efficiency. (Since two discriminators were
available, a few measurements were made with one discriminator in anti-
coincidence with the other in order to observe the efficiency within

discrete proton recoil energy ranges. )
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The coincidence circuits established a coincidence in time between
pulses from the charged-particle detector and the neutron detector. The
time resolution was ~100 nsec. The output of this circuit was fed into
a slow (l.2—usec) coincidence and routing circuit.

Output of the neutron detector was also integrated and fed into a slow
preamplifier and amplifier (O.Y-usec clipping time ). The output of the
slow amplifier was used to feed a multichannel analyzer which recorded the

pulse-height spectrum.

Pulse-Shape Discrimination

NE-213 was designed for optimum difference in shape between pulses
caused by heavy particles (protons, alphas) and by gamma rays. The fast
component of light intensity has a very fast rise time, and the output
pulse rise time is governed by the photomultiplier tube. The decay time
of the fast component is ~3 nsec to l/e. The slow component is not a pure
exponential but has a time constant of the order of tenths of microseconds.
The method of pulse-shape discrimination (PSD) used here depends on the
pulse-shape dependence of the zero crossover point of a bipolar pulse from
a standard double-delay-line linear amplifier. This use of the crossover

timing was described by Forte,° and the system used here has been described

elsewhere }*

As shown on the block diagram, this amplifier is fed by the usual
charge pulse from dynode 11 of the photomultiplier tube. In order to make
use of differences in pulse crossover timing, the event in the phosphor is
timed by the fast discriminator on detector B. An output of this discrim-

inator gives a "start" pulse to a time-to-pulse-height converter (TPC).

The discriminator is set to accept a pulse arising from the fast component
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of light appearing at dynode 14 of the photomultiplier tube. Amplitude

of the output of the TPC is controlled by a "stop" pulse from the crossover-
pickoff detector, which varies in time according to the ratio of the slow-
to-fast-light components. The "stop" pulse 1s generated by the "B"
crossover-pickoff single-channel analyzer which had its lower level always
set below that of the fast discriminator operating on the current pulse
from dynode 14. The output of the TPC thus has two groups of pulses sepa-
rated in amplitude by an amount linearly dependent upon the timing of the
crossover point of the ocutput of the amplifier. There is of course an
indeterminate region due to the time slewing of the start pulse and the
Jitter and time slewing of the crossover-pickoff circuit. The relative
excess of the slow decay light component from a heavy particle will result
in a crossover delay of about 10-30 nsec relative to the crossover from a
gamma ray, depending on the time constants of the amplifier and the energy
of the heavy particle. A time distribution of pulses at the output of the
TPC using a Po-Be source near the detector is shown in Fig. 4. An amplifier
with output rise time of about 1 pusec was used to amplify the output pulses
of the TPC before they were fed into the multichannel analyzer.

As the energy of the recoil proton increased, the slow-to-fast ratic
of light given off approached that of an electron and therefore the ability
to differentiate gamma rays (electrons) from protons decreased. For this
reason and for the reason that there is gross time slewing when the am-
plifier is overloaded, the upper level of the single-channel analyzer was
set to fire at pulse heights corresponding to pulses generated by gamma
rays greater than ~2 MeV. Protons giving rise to similar pulse heights
were of energies of about 5 or 6 MeV. None of the pulses above this

threshold provided a stop pulse to the TPC and therefore the corresponding

events were all treated as proton recoils.
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The output of the TPC was examined by an ordinary single-channel
analyzer (PHA) to make a final identification of each event. The lower-
level output and the output of the window were fed into the slow coinci-
dence and routing circult. The window was set over that range of pulse
amplitudes corresponding to gamma rays. As shown in Fig. 4, the upper
level was set slightly below the minimum point in the time distribution
curve to ensure that few neutrons were miscalled gamma rays.

Coincidence circuit No. 3, the slow coincidence and routing circuit,
provided an announcement that all predetermined conditions had been met
and it determined in which half of the analyzer a pulse was to be stored.
The second half of the analyzer was chosen for the storage of signals which
met the criteria established for neutrons, while the first half stored all
others. A coincidence between pulses from C and pulses from B (time resolu-
tion was about 20 nsec) (both in coincidence with the charged-particle out-
put pulse) caused inputs into the multichannel analyzer to be stored in the
first half. Pulses from the window of the TPC single channel analyzer also
routed Signals to the first half. All bias adjustments were made such that
the lower level discriminator on the neutron detector preempted. This bias
was controlled by adjustment of the current through a fast tunnel diode
driven by the current pulse from dynode 14 of the photomultiplier tube.
Since this 1s a very fast pulse, bias settings were made by observation on
the multichannel analyzer of pulse heights from incident gamma rays, as
gated by the fast discriminator. For a given amplitude fast signal as
measured by the fast discriminator, the neutron-associated pulse from the
slow amplifier has a larger (about 50% at 200-keV electron energy ) ampli-

tude than the gamma-ray pulse because of the relatively greater slow
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component which accompanies the heavy-particle pulses. For a giVen light
output from the detector, the electron pulse required much less energy than
the heavy-particle one, the factor being about six for 1-MeV neutrons.

Thus a threshold blas operating on the fast portion of the light from an
incident gamma-ray-produced electron of about 170 keV would correspond to

a neutron threshold of ~1 MeV.

V. EXPERIMENTAL PROCEDURE

At the start of the experiments the pulses from the photomultiplier
tubes were observed using Model No. 519 and 561 Tektronix oscilloscopes.
The focusing and accelerating voltages of the photomultiplier tubes were
adjusted to give minimum rise time of the fast pulses and minimum distor-
tion of pulse shapes at overload. Peak currents were ~60 ma, well within
the advertised 1imit (1 amp) of the 58AVP. Count rates were kept to about
2000 counts/sec in either detector for pulses whose fast components were
above 160-keV electron-equivalent.

In every case the window, which determined acceptance of charged
particles, was varied both in width and position over the pulse-height
spectrum from the solid-state detector to ensure uniqueness of association
with the neutrons of interest.

Resolving times of all coincidence circuits were measured and adjusted
to give 100% efficiency and still have few random counts present. As
stated earlier the neutron detector was placed on an arm which rotated
about the target. Figure 5 shows a plot of apparent efficiency vs angle
with respect to the incoming deuterons, as well as apparent efficlency vs
the distance of the neutron detector from the target for the case of

14.4-MeV neutrons. The final detector B position for the 1k.4-MeV neutron
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experiments was typically chosen to be 25 cm from the targét, at an angie
of 550 with respect to the deuteron beam. This position is in agreement
with the calculated value from Blumberg and Schlesinger.'® Similar tests
made for the D(d,n)PHe case placed the detector at the correct angle and

distance.

VI. DISCUSSION AND RESULTS

Energy Checks by Time-of-Flight Technigues

A time spectrum using neutron time-of-flight techniques over a 4O-cm
filight path was used to determine whether or not events giving counts
routed into the first half of the analyzer were the same time-wise as
those routed into the second half. The system had large errors (2 nsec,
~ 45 channels ). The time spectrum for 14.4-MeV neutrons is shown in
Fig. 6. Also shown is a time spectrum where the bias was raised to ~2-MeV
electron-equivalent measured with a ThC" source. Examination of the
flight-time spectra, the pulse-height spectra, and the spurious timing
variations (slewing) as a function of pulse height allows an assignment of
99% of the pulses stored in both halves of the analyzer to be related to
~1h4 .k -MeV neutrons that interact in or near the scintillator. The other
1% probably comes from nominal 14.4-MeV neutrons which are scattered by
surrounding materials.

Effects of Detector C

An anticoincidence counter, detector C in Fig. 1, was located imme-
diately ahead of detector B. This detector has been used in previous
experiments to eliminate counts due to charged particies from measured
flight-time spectra, and its design prevented it from being removed for

these measurements without damaging detector B. Experimental measurements
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determine that the effect on the neutron efficiency of rejecting coinci-
dence with detector C was small, comparable with uncertainties from
counting statistics. From simple considerations, detector C can be shown
to be a neutron attenuator which moderates a small percent of the neutrons
sufficiently so that the detector system responds to a spectrum of slightly
reduced intensity and slightly lowered average neutron energy. Monte

Carlo calculations were made to estimate the effect of detector C on the

efficiency measurements, and the appropriate corrections were introduced.

PSD Effects

Counts stored in RT-1 (see Fig. 1) are a combination of those resulting
from BC coincidence, gamma rays of energy below about 2 MeV, and neutrons
which are routed due to the imperfect operation of the PSD circuit, all of
which must be in coincidence with a pulse from the charged-particle de-
tector and are therefore associated with a neutron passing through the
detector. Comparison of the calculated efficiency for the production and
detection of the gamma rays from C(n,n')C¥ reaction to the measured value
of 4.4%3-MeV gammas shows that at least 50% of the RT-1 counts are due to
heavy charged particles from neutron reactions when detector B2 is used,
and at least 75% when detector Bl is used. There are two mechanisms which
allow this to happen, the most important of which is the timing jitter of
the pulse crossover point. This jitter is serious for the lower proton re-
coil energies. The other mechanism involves proton recoils which lose energy
in the detector during the early part of the slowing-down process and then
escape from the sensitive volume. (For 1k4.4-MeV neutrons, about 3% of the

RT-1 counts are due to this process when detector Bl is used and 1% when
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detector B2 is used. These numbers are for the "standard" condition,

i.e., a 160-keV counting threshold and a PSD threshold such that all pulses
greater than 2-MeV electron-equivalent are declared to be caused by neu-
trons. )

The sensitivity of the number of RT-2 counts to the setting of the
upper level P8D discriminator was measured over about 10 channels in the
valley of the PSD curve shown in Fig. 4. The effect on the number of
counts was about 0.5% per channel variation in the upper PSD setting.

BRias Determination

Since the B-detector system is not noise-free, the measurements had to
be made in terms of the efficiencies above some bias level. Several values
of bias were used for these data, and in every case they were determined
by the settings of the circuitry pertinent to the detector. Bias settings
in terms of energy are always referred to the pulse height produced by
Compton electrons from well-known gamma-ray sources. Discriminators
coperated on the fast portion of the pulse, and the corresponding total
light was recorded.

In order to establish the value of the fast univibrator threshold in
terms of electron energy, a monoenergetic gamma-ray source was used to
obtain a pulse-height spectrum of total light outputs from those recoil
electron events that produced enough fast light to trigger the fast dis-
criminator. For each threshold setting the gamma-rsy energy was chosen
to produce Compton electrons having as little energy above the threshold
as practicable. These gated pulse-height distributions were interpreted
by performing an approximate calculation to fit the observed spectrumn in
terms of the threshold electron energy. The electron-energy-loss distribu-

tion was first estimated by using the Monte Carlo code of Zerby and Moranl?
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in the case of the 393-keV gamma ray of 113Sn, or in other cases by an
approximate third-order scattering model for axial incidence on a disc
scintillator. These energy-loss distributions show definite contributions
for absorbed energies greater than the Compton edge, though the detector
resolution prevented these contributions from being obvious in the pulse-
height spectrum. To allow for the finite resclution, the energy-loss
density function was folded with a normal density function having the same
standard deviation as a Poisson function with mnean ke, where e is the
absorbed electron energy (keV) and k is the number of "effective" photo-
electrons/kev. The fast threshold was included by assuming that a fitted
fraction 6 of the light from an event (ske photoelectrons) was effective
in influencing the fast discriminator. The inclusion of the resulting
statistical effects in the threshold region allowed the calculation to
approximate the shapes of gated total light pulse-height spectra as shown
in Fig. 7. The drawbacks of the calibration scheme were that nonlinear
light production by electrons at low energies, electron escape, and the
light transfer variance were ignored, though all can be shown to be im-
portant. In the case of the transfer variance this resulted in the need
to choose a different value of k for each source energy. Using fits of
the type shown in Fig. 7, it was usually possible to estimate thresholds
with a reproducibility of better than 5%.

Figure 7 shows the calibration spectra used to determine the blas for
a typical efficiency measurement. The measured pulse-height spectra do not
quite fit any caleulated spectrum, but the uncertainty in determining the cut-
off energy is £5 keV, assuming that the same criteria are used in every case.

For these measurements, the energy corresponding to the intersection of the
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lower cutoft of the measured pulse-neight spectrum and the curve repre-
senting 0.5 of the calculated curve, after the magnitudes of the spectral
intensities had been normalized at higher pulse heights, was defined as
the bias point. This criterion was chosen because cobservations showed
that the calculated bias cutoff and the measured pulse-height curve inter-
cepted at the half-value of the calculated pulse-height distribution curve
for a wide range of bias values independent of the value of § used in the
calculations.

The gain of the system was checked before and after each run using a
113gn source. However, over the range of electron energy from ~0.3 to
~4.2 MeV, an ~10% nonlinearity was observed. For this reason, when an
efficiency is listed for a given bias the gamma-ray source used to deter-
mine the bias is also specified.

Figure 8 shows a typical uncorrected pulse-height spectrum for
incident ~1k4.4-MeV neutrons for scintillator B2 biased at 160 keV. The
sharp rise at the lower end of both the RT-1 and the RT-2 curves 1is
evidence of the increasing importance of the nonelastic cross section for
the *2C(n,a) reactions as well as the poor operation of the PSD circuits
for very low pulse heights. The sharp upper cutoff in the RT-1 spectrum
results from the setting of the upper level discriminator on the detector
output. Counts above this cutoff in RT-1 are routed by the BC coincidence
circuit.

Results

Table 3 gives the results of the measurements for both detectors as a

function of the bias determined by the fast light. The column labeled €T

is the measured value for the efficiency corrected for background and dead
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time. CT incliudes the corrections ror muitiplie scattering of Lhe charged
particles in passage through the absorber and target. For the T(d,n)He
reaction, the rms scattering angle for the *He particle is ~1°. In all
configurations of target and detector, except the case of detector Bl

at 1k.4 MeV, these corrections for ¢,, were negligible. In the exception,

T
detector Bl was positioned sufficiently far from the target that multiply
scattered charged particles could enter detector A with no corresponding
conjugate neutrons striking detector B.'* As a result, the measured
efficiency was too low by a factor of 1.005. The effect of the pulse-
shape discrimination circuits are demonstrated by the eRT-l and €pp_o col-

wms where €RT 1 is the number of counts routed into the first half of the

analyzer divided by the total alpha counts and ¢ is the number of counts

RT-2
routed into the second half of the analyzer divided by the total alpha
counts. The last two columns in the table show the effects of detector C
and the light pipe using correction values obtained from an O5R Monte Carlo
calculation.'® TUncertainties in these corrected values are large vecause
of ~1-2% Monte Carlo statistical effects.

Figure 9 gives plots of integral efficiency vs bias for both detectors
with points calculated by Schuttler*® shown for comparison. The eq values
are used since Schuttler's calculation corresponds to the case without
pulse-shape discrimination. Comparison with other work is difficult
because the distinction between "fast" and total light is usually ignored
and in many cases the bias is mentioned only in terms of light produced by
neutrons. Perey's’ measurements for a 5-cm-thick plastic scintillator

normalized for density are comparable with detector B2. He reports an

efficiency of 0.20 + 0.01 for 14-MeV neutrons using a bias level equal to
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the upper edge of the Compton electron spectra from a *370s source. Since
total light was used, this corresponds to approximately 400-keV fast bias.
Perey quotes Bostromt’ et al. as having reported an efficiency of 0.18
under the same conditions. For this threshold an efficiency of 0.18 is
interpolated from Fig. 9.

Hardy® gives a semiempirical equation checked at a neutron energy of
2.07 MeV with a bias corresponding to the pulse height produced by a 1-MeV
neutron (170-keV electron fast light equivalent). Employing this equation
for neutrons of energy 2.66 MeV and using the same bias, one may estimate
an efficiency of 0.28 + 0.02 for a 5-cm-thick NE-213 detector. Correcting
this value for self-absorption implies an efficiency of 0.32 for a 6.1l-cm-
thick detector. From Fig. 9, the comparable efficiency is 0.35.

The differential efficiency as a function of total light output was
compared with values obtained analytically using an adaptation of the O5R
Monte Carlo code.le’* The O5R is an analog Monte Carlo code that provides
accurate representation of the cross sections. Neutron histories were
individually developed and traced until the neutron escaped, was absorbed,
or was reduced in energy to 20 keV or lower. The efficiency was calculated
for a normally incident neutron beam with histories being generated until
25,000 light-producing events were recorded. The output of the O5R code
was smeared with a Gaussian function so designed that the upper cutoff of
the spectrum was fitted to the measured pulse-height curve. The calculated
spectrum and efficiency values were obtained for the detector in combina-

tion with detector C and the light piper.

*
Modifications to the O5R code were made by R. E. Pextor, Osk Ridge
Gaseous Diffusion Plant.
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The cross sections for scattering of neutrons by hydrogen were taken
from BNL-325 and those for scattering by carbon from the NDA Library.19
For a neutron energy of 1k4.4-MeV E , the (n,7), (n,p) and (n,pn) cross
sections for carbon become important. These cross sections and their con-
tributions to the response function are discussed by Verbinski et al.®°
Measured and calculated responses were normalized to the light output of a
89 Co source.

Figures 10 and 11 show both measured and calculated differential
efficiencies for detectors Bl and B2. Also shown is the response of the
detector to a ®°Co source. The 1 MeV total light point is derived from a
measurement and calculation of ©°Co -induced electrons similar to that
shown in Fig. 7. This point serves to calibrate the magnitude of the light
unit empioyed in the graphs. The ordinates of Figs. 10 and 11 are absolute
values, i.e., there was no normalization of the amplitude of the effi-
ciencies. The roll off at the lower pulse heights is due to the threshold
bias and no comparison should be made below these points. Figure 12 is a
plot of the integral efficiency from the data shown in Figs. 10 and 11.

The 2-4% lack of agreement between the measured and calculated efficiencies
is presently assigned to uncertainties in the carbon cross sections used in
the calculations and in the light cutput vs particle energy. Note that

the experimental values are generally higher than the calculated ones,
while the possible systematic errors would have produced a discrepancy of
the opposite sign. In the case of 14.L-MeV neutrons, the neglect in the
measurements at low biases of gamma rays produced by inelastic scattering

accounts for an efficiency difference of 0.002 between the experimental and
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the calculated values for the thin detector and 0.006 for the thick detector

(about 3% of the e_, values). (Comparison of an efficiency of 0.19% at a

T
bilas of 40O keV with the value of 0.183 shown for this bias in Fig. 9
demonstrates the difference between efficiencies measured using fast and
total light threshold calibrations.)

Chi-square consistency checks on the integral efficiency covering the
total light spectrum above 2.0 MeV (typically, about half the counts), with-
out pulse-shape discrimination, were performed for four runs with detector
B2 and eight runs with detector Bl. In the case of the thick scintillator,
the runs were consistent (¥°/¢¥ = 1.49, P = 0.2) if a threshold uncer-
tainty of $ channel was combined with the statistical uncertainties which
averaged about 1%. For the case of the thin scintillator, the effi-
clencies were inconsistent assuming the %—channel threshold uncertainty
(¥/v = 2.6, P = 0.01). The inconsistency suggests that the uncer-
tainties quoted in Table 3 are too small by a factor of about 1.5, though
an unexplained uncertainty of one channel in the choice of the threshold
would be enough to make the data seem consistent. The values in Table 3
were, of course, obtained with an independently set fast threshold.

Efficiency measurements by this technique can be made to better than
one-half of one percent, but judging by our efforts carefully calculated
efficiencies may be in error by as much as five percent at these energies.
Another effort toward such measurements should include tests to determine
the effects of multiple scattering of the helium particles in the target
and the detector chamber and the effects of the C detector and the light
piper. Additional effort would have to be made to resolve the calibration

difficulties to ensure that calculational comparisons would be made for the
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same minimum secondary particle energies. The technique provides a power-
ful and clean method for a routine calibration at neutron energies of 3
and 14 MeV. In addition to the efficiency measurements, timing checks may
be made. For instance, time slewing observations as a function of pulse
height can be made by observing the apparent neutron flight time corre-
sponding to a series of narrow intervals in the pulse-height spectrum from
the scintillator. Calibration of time-of-flight systems and pulse-shape

discrimination tests can also be made.
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